(Received 15 July 1959)
There is practically no information on the biosynthesis of flavinadenine dinucleotide in plants. The available evidence relating to this process in animal tissues or micro-organisms is meagre, although the function of flavin nucleotides as components of respiratory enzymes has long been known. Trufanov (1941) suggested that flavinadenine dinucleotide is synthesized in rattissue slices by a condensation of riboflavin and adenosine diphosphate and that maintenance of cell structure is essential for the reaction. Schrecker & Komberg (1950) demonstrated synthesis of flavinadenine dinucleotide from flavin mononucleotide and adenosine triphosphate in yeast. A similar pathway for synthesis of flavinadenine dinucleotide was reported in a riboflavin-secreting mutant yeast (Giri & Krishnaswamy, 1956) . Recently Deluca & Kaplan (1958) showed that synthesis of flavinadenine dinucleotide occurs in rat-liver supernatants.
The occurrence of riboflavin in plants has long been known (Bonner, 1942; Bonner & Bonner, 1948; Watson & Nogelle, 1947) , but there is no information on the concentration of flavin nucleotide coenzymes and the enzymes synthesizing these.
After the observation on the widespread occurrence of the flavin nucleotides (Giri, Appaji Rao, Cama & Kumar, 1959) and on the biosynthesis of flavin mononucleotide in plants by phosphorylation of riboflavin by adenosine triphosphate (Giri, Krishnaswamy & Appaji Rao, 1958) , the mechanism of biosynthesis of flavinadenine dinucleotide was studied, and the results are described and discussed in this paper.
MATERIALS AND METHODS
Sub8trates and reagent8. Flavin mononucleotide (FMN) was a Hoffman-La Roche and Co. product obtained as a gift from Voltas Ltd., Bombay, and was purified before use. Flavinadenine dinucleotide (FAD; 60 % pure) was obtained as a gift from Esai Ltd., Japan, and was purified by preparative circular-paper chromatography before use (Giri, 1954 (Giri, , 1955 . Adenosine triphosphate (ATP) used included preparations made according to LePage (1949) of 65-70% purity and another (95% purity) obtained from California Foundation for Biochemical Research. The purity of ATP was determined by the method described by LePage (1949) . All other chemicals used were of reagent grade.
Preparation of alumina Cy-gel. Ammonium sulphate (22 g.) was dissolved in 600 ml. of water. Ammonia soln. (100 ml. of 10 %; previously standardized by titration) was added to it and the mixture was warmed to 58°. A solution containing 76x7 g. of aluminium ammonium sulphate dodecahydrate in 150 ml. of water was also warmed to 58°and was added all at once to the basic ammonium sulphate solution. This mixture was warmed to 600 and stirred for 15 min. The contents were transferred to a tall jar with 5 1. of water and the precipitate was washed three times with 31. of water. To the fourth wash was added 80 ml. of 20% ammonia soln. to decompose the basic sulphate and the gel was washed repeatedly with water. After twenty washings the water remained opalescent and the gel was washed twice more with water. A suspension containing 18 mg. (dry wt.)/ml. was prepared. It was aged at 40 for at least 2 months before use (Willstatter & Kraut, 1923) .
Preparation and purification of the enzyme. Finely powdered green gram (Phaseolu8 radiatu8) was used as the source of the enzyme. An extract with maximum specific activity was obtained by the following procedure.
Freshly powdered green-gram seeds (100 g./300 ml.) were extractedwith0-1 m-sodium bicarbonate soln. with constant stirring at 0-5°for 2 hr. The extract was centrifuged * Deceased. at 10OOg for 15 min. and the supernatant (stage I, Table 1 ) was dialysed against glass-distilled water for 18 hr. at 0-5°. The diffusate was centrifuged at 2000 g for 15 min. (stage II), the supernatant was brought to 0-45 saturation with ammonium sulphate by the addition of recrystallized solid ammonium sulphate and the precipitate obtained on centrifuging at 5000g was rejected. The supernatant was raised to 0-55 saturation with ammonium sulphate, the precipitate obtained on centrifuging at 5000 g for 30 min. was dissolved in glass-distilled water and was dialysed free from ammonium sulphate (stage III). To the dialysed extract (40 ml.) was added 4 ml. of ethanol at 0°to -5°a nd the precipitate obtained on centrifuging was rejected.
To the supernatant 5-5 ml. of ethanol was added and the precipitate obtained on centrifuging at 5000 g for 20 min. was dissolved in 35 ml. of glass-distilled water (stage IV). An equal volume of alumina Cy-gel (18 mg./ml.) was added and the enzyme-gel mixture was kept cold for 20 min. with constant stirring, centrifuged at 1000 g for 5 min. and the supernatant was rejected. The gel was extracted three times with 10 ml. volumes of 0-02m-sodium phosphate buffer (pH 7-8) and the eluates were combined. The combined eluates were precipitated with ethanol, to 8 % concentration, centrifuged at 5000 g for 45 min. and the supernatant was rejected. The precipitate was dissolved in 20 ml. of glass-distilled water and used as the enzyme (stage V). An 83-fold purification with 26 % recovery was achieved. Enzyme a88ay. During assay and analysis, tubes (1 cm. x 10 cm.) in which the reactions were carried out were protected from light. The reaction mixture contained: FMN, 1 mM; ATP, 20 mm; NaF, 0 1M; MgSO4, 0-1 mM; veronal-HCl buffer (pH 7.4), 0-1 M; 0-8 ml. of the enzyme preparation; total volume, 2 ml. Reaction was stopped by heating in boiling water for 20 min. The tubes were centrifuged at 3000g for 20 min. and suitable portions (usually 0-3 ml.) were analysed for FAD by the circular-paperchromatographic technique (Giri & Krishnaswamy, 1956 ), butanol-acetic acid-water (4: 1: 5, by vol.) being used as the solvent system. The FAD band was located under u.v. light and marked with a pencil. The band was eluted into 5 ml. of glass-distilled water for 6 hr. and fluorescence of the eluates measured in a Klett fluorimeter with filters (a) at the lamp source, Corning 5113 + 3389 (4358A), and (b) at the photocell, Corning 3486 (5200A). The necessary blanks and controls were always run.
Protein was determined by the biuret method of Robinson & Hogden (1940) . One unit of enzyme activity is defined as the amount that synthesizes 1 pm-mole of FAD at pH 7*4, temperature 370, in 60 min.
For preparative purposes the technique of Giri (1954, 1955) was used. Absorption spectra were determined in a Beckman spectrophotometer model DU.
Determination of flavinadenine dinucleotide in 8eedlinge. Cochromatography in all these solvent systems was carried out and the authentic sample moved as a single band with enzymically synthesized FAD. The eluate was evaporated to dryness and the dry residue hydrolysed with 1 ml. of 6N-hydrochloric acid for 2 hr. at 1200, in a sealed tube. Hydrochloric acid was removed in vacuo and the neutral extract was subjected to circular-paper chromatography with butanol-acetic acid-water (4:1:5, by vol.); the air-dried chromatograms were sprayed with Folin's reagent and the characteristic pink band of 4-amino-5-imidazole carboxamidine was identified with reference to a standard. Since 4-amino-5-imidazole carboxamidine is a degradation product of adenine and adenine-containing compounds this test proved the presence of an adenine moiety in the flavin in the eluate. The reaction product was hydrolysed by the crude (Huennekens & Felton, 1957) . The substrate used was DL-alanine. There was no uptake of oxygen by the apoenzyme and the uptake of oxygen was linear with graded amounts of enzymically synthesized FAD and also with standard FAD. These tests conclusively proved the identity of the reaction product to be FAD.
Stoicheiometriy of the reaction. The stoicheiometry of the FAD synthesis by the plant enzyme was established by estimating FMN utilized and FAD synthesized at different time intervals.
From Table 2 it is evident that a stoicheiometric relationship exists between FMN used. and FAD synthesized.
Progress curve of the reaction. The activity at different intervals of time was determined by incubating separate sets of reaction mixtures for the time intervals mentioned in Fig. 1 . There is a linearity between FAD synthesized and time up to 60 min. pH-Activity curves. The effect of pH on FAD synthesis was determined by carrying out the reactions in phthalate-HCl buffer (pH 4-0-6-0; 0.1M), veronal-HCl buffer (pH 640-9-0; 01M) and glycine-NaOH buffer (pH 9-0-10-0; 0-1M). The results are presented in Fig.. 2. The enzyme has a pH optimum at 7-5.in 0-1M-veronal-HCl buffer. The following buffers were tried at the optimum pH for the effect on FAD 80 r VOl. 75 383 1-synthesis: 2-amino-2-hydroxymethylpropane-1:3-diol, sodium phosphate and veronal-HCl, and it was found that veronal-HCl buffer was the best.
Optimum temperature for activity. Variation of the initial rate of reaction as a function of temperature was determined by incubating the reaction mixtures at different temperatures (Fig. 3) . The enzyme functions optimally at a temperature of 370.
Sub8trate affinity of the enzyme. The LineweaverBurk plots for FMN and ATP are shown in Fig. 4 Effect of ion8. The various ions listed in Table 3 were tried for their effect on the FAD-synthesizing enzyme. Of the ions used, Mg2+ and Zn2+ activated at all of the three concentrations, whereas Mn2+ ions activated at the lowest but had no effect at mm concentration and inhibited at the highest concentration. Ni2+, Cu2+, Hg2+ and CN-ions in- Time of germination (days) Fig. 5 . Effect of germination on FAD-synthesizing activity (top curve) and FAD content of green gram (Phaseolus radiatus) (bottom curve). Reaction mixtures were the same as those given for Fig. 1 , and were incubated at 370 for 60 min. Table 4 . Occurrence of flavinadenine dinucleotidesynthesizing activity in plants Reaction mixtures were as follows: 0-2 ml. of FMN, 1 mM; 0.1 ml. of ATP, 20 mM; 0.1 ml. of NaF, 0-1M; 0.1 ml. of MgSO4, 0 1 mM; 0-7 ml. of veronal-HCl buffer (pH 7-4), 01M; 0-8 ml. of enzyme from stage II; total volume, 2 ml. Incubation was at 370 for 5 hr. Sources 1-12 were resting seeds. hibi-ted at all the concentrations, whereas C02+, Fe3+ and Cd2+ ions had no effect.
Effect of germination onflavinadenine dinucleotidesynthesizing enzyme activity. In view of the observation that riboflavin content of the seedlings increases many-fold during germination (Burkholder & McViegh, 1942; Simpson, Chow & Soh, 1953; Giri et al. 1958) , seeds were allowed to germinate in the dark, in Petri dishes. They were placed on moist cotton covered with filter-paper disks cut to the size of the Petri dishes. At definite intervals of time they were taken out, homogenized and the supernatants obtained on centrifuging at 1000 g for 10 min. were dialysed for 18 hr. in the cold. The 25 supernatant obtained on centrifuging the dialysed extract at 3000 g for 5 min. was used as the enzyme.
FAD content was determined on a parallel set of seedlings. The increase in FAD concentration paralleled the enzyme activity during germination for 6 days (Fig. 5) .
Distribution of flavinadenine dinucleotide-synthesizing enzyme in plants. Fourteen plant materials were examined for this enzyme. All the plant sources investigated showed the presence of this enzyme activity (Table 4) 2. Under the experimental conditions described, maximum synthesis of flavinadenine dinucleotide was observed at pH 7-4. The Michaelis constant for flavin mononucleotide was 0 043 mm and adenosine triphosphate was 0-75 mM.
3. Mg2+ and Zn2+ ions activated at all the concentrations studied, whereas Mn2+ ions activated at the lowest concentration, but had no effect at mm and inhibited at the highest concentration. Ni2+, Cu2+, Hg2+ and CN-ions inhibited at all the concentrations, whereas Co2+, Fes+ and Cd2+ ions had no effect.
4. An 83-fold purification of the enzyme was achieved by dialysis, fractionation with ammonium sulphate, adsorption and elution from alumina Cy-gel, and precipitation with ethanol. Bioch. 1960, 75 Vol. 75 385
5. There was a parallel increase in flavinadenine dinucleotide content and synthesizing activity for this compound with the progress of germination. It was found previously that the presence of any one of several lower alcohols in the growth medium inhibited the synthesis of lecithinase by growing Bacillu8 cereu8 (Kushner, 1957 a) . A similar effect was observed for lecithinase production in alostridium perfringen8 by Jayko & Lichstein (1958) . In both these studies the alcohols, in the concentrations used, either did not inhibit bacterial growth or had a much greater inhibitory effect on lecithinase formation than upon growth. Thus they were clearly not acting as general toxic agents or as general inhibitors of enzyme synthesis.
Their differential effect suggested that alcohols might prove valuable in other investigations of enzyme formation, and their action has been studied further. The effect of alcohols on lecithinase synthesis was first demonstrated with standing cultures of Bacqillu8 cereus (Kushner, 1957 a) , in which both growth and lecithinase synthesis were suboptimum. This work has now been repeated in vigorously growing aerated cultures. The extent of utilization by the growing bacteria of the added alcohols has been determined. Finally, in order to assess the specificity of action of alcohols their effect on the formation of enzymes other than lecithinase in Bacillus cereushas been investigated. The enzymes studied include penicillinase, which, like lecithinase, is an extracellular enzyme, and the cell-bound enzymes phosphatase, catalase and lipase. The last-mentioned enzyme, whose synthesis was studied in some detail, was chosen because, like lecithinase, it also possesses a fatty substrate.
A preliminary account of these results has been given (Kushner, 1959) .
MATERIALS AND METHODS Bacteria. Bacilus cereus strain 569, which has been extensively used in experiments on penicillinase formation (Pollock, 1953) , was used for most ofthis study. For certain experiments B. cereus strain Mu-3055, in which the inhibitory effect of alcohols on lecithinase synthesis was first demonstrated (Kushner, 1957 a) , and the penicillinaseconstitutive mutant strain 569/H (Kogut, Pollock & Tridgell, 1956 ), were used.
Growth medium. S broth, made as described by Pollock & Perret (1953) except that the initial steaming before autoclaving was omitted, was used for all experiments with
